Abstract: Twin-roll strip casters for near-net-shape manufacture of steels have received increased attention in the steel industry. Although negative segregation of phosphorus occurred in twin-roll strip casting (TRSC) steels in our prior work, its mechanism is still unclear. In this work, V-shaped molds were designed and used to simulate a meta-rapid solidification process without roll separating force during twin roll casting of carbon steels. Experimental results show that no obvious phosphorus segregation exist in the V-shaped mold casting (VMC) steels. By comparing TRSC and the VMC, it is proposed that the negative phosphorus segregation during TRSC results from phosphorus redistribution driven by recirculating and vortex flow in the molten pool. Meanwhile, solute atoms near the advancing interface are overtaken and incorporated into the solid because of the high solidification speed. The high rolling force could promote the negative segregation of alloying elements in TRSC.
Introduction
Much progress has been achieved in near-net-shape continuous casting in iron and steel industry, such as thin slab continuous casting and strip continuous casting [1] [2] [3] [4] . Twin-roll strip casting (TRSC) is a technique of producing strips directly from molten metal, as shown in the schematic plot in Figure 1 . Much attention has been given to the influence of production route on product quality, productivity, and the development of new products. The solidification in TRSC is called meta-rapid solidification due to its fast cooling rate which can be as high as 10 2 to 10 4 K/s [5] , and macrosegregations exist in continuous-cast thin slabs and strips under such high solidification rates. The macrosegregation generally cannot be removed during subsequent rolling and heat treatment processes, and may significantly deteriorate product properties. Therefore, mitigation of macrosegregation has been one of the most important research subjects in steel industry. Phosphorus, carbon, silicon, and manganese generally form center segregation in traditional continuouscasting blanks and slabs, but center-negativesegregations in TRSC products [6] [7] [8] [9] [10] . Figure 2 shows the phosphorus distribution in our previous work [6, 11] , which was determined by electron probe micro-analysis (EPMA) over entire cross section of three TRSC plain carbon steel strips with an average thickness of 1.2 mm, a constant carbon content of~0.16 wt.%, and phosphorus content of~0.7 wt.%, 0.3 wt.%, and 0.1 wt.%, respectively. The macro-negative-segregation of phosphorus is obvious near the strip surface, being opposite to the segregation tendency in normal cast slabs. The sharp peaks of the TRSC steels with phosphorus content higher than 0.3 % correspond to the precipitation of phosphides or micro-segregation of phosphorus at grain boundaries. The macro-negative-segregation of phosphorus remains after the samples are annealed at 1,073 K for 1 h and cold-rolled to 0.65 mm in thickness [6] . Such negative phosphorus segregation was also observed in a twin-roll-cast low-carbon strip steels with phosphorus content of 0.15 wt.% [7] . Negative segregation of other elements such as Si [8] and Mn [9] was also observed in TRSC steels. Fujita et al. [12] reported that negative segregation could occur near strip center under high roll separating force. Park et al. [9] believe that the remaining solute-rich melt is squeezed out when two shells met during TRSC, which causes negative segregation. A report [13] suggested that negative segregation occurs at high temperature gradient due to strong cooling capacity at the outside of the mold.
Meanwhile, Birol et al. [14] and Lv et al. [15] found pronounced macro centerline segregation (enrichment along centerlines) of iron and manganese in TRSC aluminum strips, which cannot be weaken after a homogenization cycle. They suggested that the centerline segregation should be attributed to a strong liquid flow, under rolling force during TRSC, which is far more significant in volume than the interdendritic flow in ingots where channel segregation dominates since liquid flow is driven by the gravity only. Therefore, low-melting-point solute atoms tend to form negative segregation (enrichment near the surface), such as phosphorus in TRSC steels, while high-melting-point solute atoms tend to form positive center segregation (enrich near the center), such as iron in TRSC aluminum alloys. Such segregation behaviors should be closely related to the liquid flow in the molten pool under the rolling force. In this work, Vshaped molds with variable cross-sections were designed to simulate the solidification process without rolling force, and to study the mechanisms of phosphorus macrosegregation during meta-rapid steel solidification. The effects of liquid flow and solidification conditions on macrosegregation will be analyzed by comparing V-shaped mold casting (VMC) and TRSC.
Experimental
Carbon steels with ultra-high phosphorus contents were prepared in a high-frequency vacuum induction furnace, their chemical compositions are given in Table 1 . The ultra-high phosphorus contents, compared to normal steel, were designed to distinguish macrosegregation of phosphorus from carbon, manganese, and other elements showing similar distribution trend in cast steel. These experimental steels were cast in two V-shaped molds. Sample 1 was cast in one V-shaped mold with an angle of 15°, and sample 2 was cast in the other mold with an angle of 64°. The molds made of 8-mm-thick naked steel plates were placed under a melting pot in the vacuum furnace. Cross sections of the sample 1 and 2 are shown in Figure 3 .
The microstructures were observed using an optical microscope, and the phosphorus distributions along the cross section at different thicknesses were obtained by EPMA (EPMA-1610) using a voltage of 15 kV, a scan step of 0.01 mm, and a beam size of 1 μm. As shown in Figures 4(a) and 5(a), when the crosssectional thickness is~2 mm, the microstructures near the surface of samples 1 and 2 are mainly fine equiaxial grains with an average second dendrite arm spacing (λ 2 ) of 20.1 μm and 18.7 μm, respectively. The average λ 2 sizes were measured and calculated using the mean linear intercept method, and can reveal the effects of solidification cooling rate [16] [17] [18] . According to the experimental formula for secondary dendrite arm spacing for low carbon steels [17] :
Results

Microstructural characterization
the solidification cooling rates R were calculated and listed in Table 2 . It should be mentioned that the cooling rate during TRSC could be as high as 10 2 to 10 4 K · s −1 [19] .
The same tendency can be observed in both sample 1 and 2 as shown in Table 2 . The λ 2 and R values show small differences between sample 1 and sample 2 at the similar cross section thicknesses, which could result from pores or impurities in the cast samples. Therefore, the grain size and the cooling rate are similar at the same cross sectional thickness, even though the cross section thickness increased more sharply with higher V-angle. Larger average grain sizes were observed when the cross section thicknesses increased gradually, corresponding to the relatively lower solidification rate, as shown in Figure 5 and Table 2 . In summary, both samples show fine casting microstructures resulted from high solidification speed.
Phosphorus distribution
The phosphorus distribution in the cast is determined by its distribution in the melt, redistribution during solidification process, and diffusion after solidification. Phosphorus with a larger atomic radius cannot diffuse as easily as carbon and nitrogen in the cast solid. Therefore, phosphorus diffusion after solidification can be neglected [6] .
The EPMA line profiles of phosphorus along the thickness direction for different cross sections of samples 1 and 2 are shown in Figures 6 and 7 , respectively. The hollow circles representing the maximum and minimum values show no obvious difference between the two values in each figure. Phosphorus was well-distributed in sample 1 at different cross sectional thicknesses changing from 3 mm to 21 mm, and in sample 2 from 3 mm to 37 mm. Compared with the strip cast steels in Figure 2 , there is no obvious phosphorus macrosegregation in the VMC samples.
It has been reported that dendritic solidification under a high temperature gradient encourages (so called 'inverse') segregation of certain elements near the chilling source, usually the mold wall [13] . At the same time, the accompanying solidification shrinkage causes the interdendritic liquid to be sucked back towards the chilling wall, i. e. enriching the solute atoms at the chilling surface. All solutes with distribution coefficient less than unity are expected to act in this way, including most solutes in carbon steels such as phosphorus, carbon, sulfur, manganese, and silica [13] . No negative phosphorus segregation was observed in VMC samples, which implies that the temperature gradient is relatively low during meta-rapidly solidification.
The distribution of alloying elements is affected by heat transfer conditions, latent heat of solidification, and cooling conditions. If the total heat released by latent heat of solidification and surrounding melt reach a certain balance with the cooling intensity at the advancing solidification front, the alloying elements can distribute homogeneously in the cast steel [20] .
Discussion Segregation coefficient
Solute redistribution may occur in advancing interface of solidification, where a substantial deviation from equilibrium occur under the rapid solidification rate. According to a model for solute redistribution during rapid solidification [21] , the non-equilibrium segregation coefficient is:
where C s = C si reflects negligible diffusion in the solid, C si is the instantaneous solute concentration in the solid surface layer; C li is the solute concentration in the liquid at the interface; k e is the equilibrium segregation coefficient; and β = uλ/D i is defined as the dimensionless velocity, where u is the moving speed of the interface, λ is the interatomic spacing, and D i is the "interface interdiffusivity". k΄ approaches the limiting value of 1 when u→∞ and/or D i →0.
The equilibrium segregation coefficient k e was calculated to be~0.25 for both of the steels containing 0.516 % and 0.485 % phosphorus according to Fe-C-P phase diagram [22] , assuming the effects of other elements are neglectable and the liquidus and solidus lines are locally straight lines. Therefore, macrosegregation of phosphorus can easily occur in general non-equilibrium cast steels.
If we designate the macrosegregation coefficient as k MAS = C min /C max , and use local average concentration, k MAS can be calculated as k MAS = C B /C A ≈ 0.56 for the sample of 0.7 % phosphorus, as shown in Table 3 . However, k MAS is almost~0.8-0.9 for the VMC samples in Figures 6 and 7 . The TRSC samples show more significant macrosegregation of phosphorus.
The well-distributed phosphorus in the investigated VMC samples demonstrates that the moving speed of the solidification interface, u, is high enough from surface to center to inhibit obvious macrosegregation by increasing the non-equilibrium segregation coefficient, k΄, and the macrosegregation coefficient, k MAS . Meanwhile, the interdiffusion at the interface is a short-range diffusion process according to Figures 6 and 7 . The twin-roll cast steel has an even higher k΄ coefficient, and its solidified structure can keep the similar composition to that of liquid at each solidification stage.
Casting process
Both VMC and TRSC show high cooling speeds and similar melting pool shapes, when the small differences between the circular rolls and the straight plates are 
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At the center neglected, as shown in a schematic diagram in Figure 8 . The cooling conditions in the meniscus region of TRSC is similar to that in the mass-thickness region of VMC. The major differences between VMC and TRSC are the liquidmetal flow in the melting pool and the stress exerted by the molds on both the melting pool and cooling wall.
The highest solute concentration in TRSC carbon steel was simulated mathematically at the solidification front of the solidified shell near the cooling roll surfaces [10, 23, 24] . Another solute enriched position is in the back flow above the nip point [10] . Meanwhile, A solute enriched vortex flow was simulated above the nip point in TRSC aluminum alloy [15] and magnesium alloy [25, 26] strips. The vortex flow caused by a combined impact of viscous force and squeezing of rolls could shear dendrites into new isometric crystals and make solute-rich liquid metal flow back to molten pool for solute redistribution. Therefore, the solute enriched melt should locate at the solidification front. Phosphorus redistribution in the melting pool result in negative segregation in the TRSC steels. The convention in the melting pool of the VMC can be neglected during solidification (see Figure 8 ) and no obvious phosphorus segregation occurred in the VMC samples. Both TRSC and soft reduction [27] can squeeze the solute enriched melt back to molten pool according to the least-resistance law, and there is no separating rolling force during VMC process.
Fine equiaxial and columnar crystals develop from the meniscus region to the solidification end during TRSC because of the high cooling rate. Columnar grains are broken between the solidification end and the roll nip during rolling, as shown in Figure 8 , so that there are nearly no columnar grains in the cast strips [7] . According to Ref. [10] , equiaxed grains form under the rapid cooling rate above the nip point where two solidified shells are pressed together under the rolling force as a semisolid rheocasting process. Therefore, it is difficult for the solute enriched melt to flow into the semisolid steels.
Phosphorus, as a low-melting-point solute, tends to concentrate in the final solidification region, i. e. the low temperature region of the molten pool. The rich phosphorus atoms near the TRSC samples surfaces should come from the liquid at the solidification front where the temperature is low [23, 24, 28, 29] and the solute concentration is the highest [10] . The phosphorus redistribution in the molten pool, the locally rapid solidification speed, and the high drawing stress by the rolls lead to negative phosphorus segregation in the casting strips. For the same reason, negative segregation of other solutes such as manganese and silicon can also be observed in strip casting steels. For VMC, macrosegregation of phosphorus is absent because there is no time, space, or stress to form such a molten pool as in the TRSC process.
The same explanation is applicable to the iron centerline segregation in TRSC aluminum alloy strips. Only Table 3 : Calculated macrosegregation coefficient for TRSC and VMC samples. part of solute-rich melt (iron compound) is squeezed back to the molten pool above the solidification end, the rest is still sealed in the solid due to the gravity [10] . However, the iron (and manganese) concentration in the center of the melt is higher than that in the solidifying interface of the vortex zone because of the iron (and manganese) redistribution in the temperature field [15] . The nip point moves upward when the separating force by the rolls is increased. The simulated results [15, 23, 24] show that the nip point position can directly affect solute distribution. With the rising nip point position, the melt injected from the nozzle meets more recirculating flow in the molten pool and the effects of vortex will be enhanced, which may lead to a higher heat gradient in the pool. Therefore, a higher rolling force can improve phosphorus redistribution in the molten pool and result in severe negative segregation of solute elements.
Phosphorus prolongs the mushy zone more strongly than manganese and silicon according to the phase diagrams. Therefore, the negative segregation of phosphorus is more obvious than the other two elements.
Conclusions
Cast steels were prepared using specially designed V-shaped molds with different angles. Phosphorus segregations in meta-rapidly solidified TRSC and VMC steels were compared and investigated. The following conclusions can be drawn: (1) Fine equiaxial grains develop at the surface and center of the two VMC steels. Similar average grain sizes and solidification rates were observed and calculated at the same cross section thickness of the two VMC samples although the V-angle is quite different. (2) Phosphorus distributes uniformly in the VMC steels.
Negative phosphorus segregation in TRSC steels occurs due to the phosphorus redistribution in the molten pool and the high non-equilibrium segregation coefficient in the advancing interface during solidification. (3) Redistribution of alloying elements in TRSC results from recirculating and vortex flow of the melt in the molten pool, as well as the function of gravity.
